Gyrotron R&D within EUROfusion Work Package Heating and Current Drive is addressing the challenging requirements posed on gyrotrons by the European concept for a demonstration fusion power plant (EU DEMO). The paper reports on the progress of these activities, on the recent results, and on near-term planning.
INTRODUCTION
Within the Work Package Heating and Current Drive (WPHCD), coordinated by the Power Plant Physics and Technology Department of EUROfusion, extensive studies are ongoing, which cover three different systems for plasma heating and current drive. These are, namely, systems using electron cyclotron waves, ion cyclotron waves, and neutral beam injection [1] - [2] . The studies are in line with the European Fusion Roadmap towards a demonstration power plant (DEMO). Currently, the primary focus is on a pulsed (>2 h) DEMO plant concept design (baseline EU DEMO1), in order to eliminate integration risks and resolve design interface issues [3] . Alternative configurations towards a more advanced future power plant are also under investigation [4] .
The work breakdown structure of WPHCD, launched in 2014, includes branches dedicated to the conceptual design of the electron cyclotron wave system [5] , as well to R&D focused mainly on the microwave source, the gyrotron [6] . Gyrotron R&D is a necessary step to bridge the gap between today's state-of-the-art gyrotrons and future gyrotrons for DEMO. This gap is clearly illustrated in Table I , where the main gyrotron requirements for ITER [7] and for the 2015 baseline for EU DEMO1 [8] are compared. The gyrotron requirements remain the same in the current 2017 baseline [9] , after its physics upgrade in 2018 [10] . Significant challenges are posed by the need for dual-frequency operation and/or frequency step-tunability reaching frequencies above 200 GHz, as well as by the requirements for significantly higher power, efficiency, and level of Reliability-AvailabilityMaintainability-Inspectability (RAMI). Gyrotron R&D within WPHCD is addressing those challenges by exploring innovative, promising approaches along the lines detailed in the next Section. In addition, and in order to keep the R&D relevant with respect both to possible baseline changes and to alternative reactor configurations towards a future power plant, efficient MW-class gyrotron operation at higher frequencies (~240 GHz) is also investigated. This paper gives an overview of the recent progress of gyrotron R&D within WPHCD, which is driven by all the aforementioned challenges. 
Coaxial gyrotron technology at longer pulses
The advanced concept of the coaxial gyrotron has been selected as being the more promising, compared to a hollow cavity gyrotron, towards the higher power and frequency targets. The enhanced mode selectivity of coaxial cavities permits stable operation at very high-order operating modes, which are compatible with large cavity dimensions. The modular 170 GHz, 2 MW short-pulse coaxial gyrotron at KIT has already exhibited excellent performance in pulses of several ms [9] . The next step for the coaxial gyrotron technology towards DEMO is to prove experimentally its capability for long-pulse operation, especially with respect to the cooling and alignment of the coaxial insert. To this end, the 170 GHz, 2 MW short-pulse coaxial gyrotron at KIT has been upgraded with new, water-cooled components [12] [13] . In particular, the beam tunnel, cavity, quasi-optical system, and mirror box have now independent cooling systems. A very important aspect of this upgrade is that the modularity has been preserved, i.e. an easy implementation and testing of new improved subcomponents is possible.
The first target of the upgraded gyrotron is to extend the pulse length up to 100 ms, provided that a simple axial beam-sweeping system is used for the collector. It is expected that, at this pulse length and using the independent cooling systems, a reliable assessment of the expected thermal loading of the various gyrotron components (and especially of the coaxial insert) in Continuous-Wave (CW) operation will be possible. In order to first validate the construction and assembly of the new components, the upgraded gyrotron was tested in short pulses (< 10 ms) using the diode electron gun of the short-pulse gyrotron with the goal to reproduce the previous behavior of the short-pulse tube [14] . The validation was fully successful, since, at nominal parameters, the operating TE 34, 19 mode was stably excited at 169.9 GHz with an output RF power close to 2.1 MW and an efficiency slightly above 30 % in non-depressed collector operation. After further parameter optimization, the RF power was increased to 2.2 MW with ~33 % efficiency. In Fig. 1 , the installation of the gyrotron in the superconducting magnet is shown together with typical experimental results for the generated RF power versus the applied accelerating voltage.
Following the short-pulse validation of the upgraded components using the diode short-pulse electron gun, the pulse length will be gradually increased the up to 100 ms. Two new advanced triode electron guns are planned to be used: The first is based on the technology of coated emitter edges ( [15] , see paragraph 2.5 for more details) and the second is an Inverse Magnetron Injection Gun manufactured by KIT [12] , [16] .
The second target of 1 s pulse will be pursued after successful 100 ms operation. This will involve further upgrades of the modular coaxial gyrotron, including a Chemical Vapor Deposition (CVD) diamond output window, a long-pulse collector, and advanced cavity cooling. The 1 s pulse length is considered to be a representative time-scale to achieve operation relevant to CW operation with respect to thermal expansion and electron beam neutralization. Thus, the demonstration of coaxial gyrotron operation at 1 s pulses will be a proofof-concept for the applicability of the coaxial-cavity technology for DEMO and will open the way to the development of industrial CW coaxial gyrotrons for DEMO.
In parallel to the experimental investigations, multi-physics numerical simulations focused on the performance of the cooling system of the coaxial insert [17] . It was found that the existing water cooling can easily support even CW operation, by providing large margins both with respect to the ohmic loading of the insert and to a possible insert misalignment. In particular, the expected maximum ohmic loading at nominal 2 MW operation is 0.12 kW/cm 2 and the insert can be aligned with an accuracy of 0.1 mm. According to the simulation, the maximum acceptable values for the ohmic loading and the misalignment of the insert are 0.39 kW/cm 2 and 0.2 mm, respectively. Multi-physics numerical investigations on the cavity cooling and on advanced cooling concepts, in view of the foreseen 1 s operation, are also ongoing [18] .
FIG. 1. Upgraded longer-pulse coaxial gyrotron installed in the superconducting magnet at the KIT test stand (left)
and typical experimental performance in ms pulses (right) [13] .
Design of a 2 MW 170/204/(237) GHz coaxial gyrotron
To keep the development path towards the DEMO gyrotron as fast and cost-effective as possible, the design of a 2 MW, 170/204 GHz coaxial gyrotron has been initiated using the existing 170 GHz coaxial gyrotron as starting point [19] [20] . The simulation results show that a good performance can already be achieved with only minor modifications of the existing modular gyrotron. The first necessary modification is the change of the axial position of the existing coaxial electron gun, in order to operate in the magnetic field profile of the newly procured 10.5 T superconducting magnet (cf. paragraph 2.6). Taking this into account, multi-mode beam-wave interaction simulations using EURIDICE [21] with electron beam parameters obtained by ARIADNE [22] have been performed. The simulations have been as realistic as possible at this stage, considering the expected spreads in electron beam parameters, the axial variation of the magnetic field profile, and the ohmic losses. They showed that, even with the existing coaxial cavity, MW-class performance can be achieved both at 170 and at 204 GHz. A more balanced performance with respect to the two frequencies can be reached if the cavity is modified to have a 2.4 mm shorter midsection. Table II summarizes the simulated performance for the dualfrequency gyrotron. A new mirror-line quasi-optical mode converter has also been designed, in order to optimize the conversion of the cavity mode to Gaussian mode at both frequencies. The calculated Gaussian mode content at the launcher aperture is 97.2 % at 170 GHz and 96.6 % at 204 GHz. Finally, interaction simulations showed that MW-class operation at 237 GHz seems also possible with the TE 48,26 mode, delivering 1.6 MW of cavity power at 30 % interaction efficiency. The design studies will continue with the goal to culminate in a prototype to be tested once the new 10.5 T magnet is available (cf. paragraph 2.6). 
Investigations on multi-stage depressed collector concepts
The target of ≥ 60 % efficiency for the DEMO gyrotron motivates the development of advanced, Multi-Stage Depressed Collectors (MDC) to increase the energy recovery from the spent electron beam. Given that in the gyrotron the electron beam is guided by a strong magnetic field to the collector, the required separation of electrons according to their energy, necessary for MDC operation, is challenging. Extensive investigations on different MDC concepts [23] [24] led to a very promising configuration, based on the E×B drift concept, first proposed for gyrotrons in [25] . This configuration adopts helical electrodes for the realization of the concept [26] . Schematics of the E×B drift concept and of a two-stage MDC with helical electrodes are plotted in Fig. 2 .
The unique advantages of the suggested MDC include very good handling of secondary electrons and high robustness against stray magnetic fields and electron beam misalignments. The collector configuration has been further optimized in terms of length and minimization of reflected current, using commercial 3-D numerical tools for more accurate simulations [27] . With an optimized two-stage design, a collector efficiency of 77 % has been numerically demonstrated. Assuming 35 % interaction efficiency and 10 % internal gyrotron losses, this corresponds to 63 % overall gyrotron efficiency. The efficiency could be further increased by increasing the number of collector stages. The engineering design of a prototype short-pulse two-stage E×B MDC has already been initiated, in view of a proof-of-principle experiment using the infrastructure described in paragraph 2.6. [26] . The helical cut separates the two stages.
FIG. 2. Schematic of the underlying concept for an MDC based on E×B drift (left) and of a two-stage MDC with helical electrodes (right)

Development of large broadband diamond windows
To allow gyrotron frequency step-tunability at 2 MW power levels (in order to support plasma instability control by fine-tuning the energy deposition location with the frequency), the elegant and compact solution of a Brewster-angle, Chemical Vapor Deposition (CVD) diamond window is pursued [28] . A major challenge is to produce a large diamond disk of 180 mm diameter and 2 mm thickness, suited for such microwave applications, in order to cut a Brewster-angle window (67.2° for diamond) for installation in a waveguide of 63.5 mm diameter, compatible with 2 MW transmission (Fig. 3, left) . Given that today's industrial plasma reactors are able to deposit optical grade CVD diamond on substrates of 120-150 mm diameter only, new diamond window technologies are investigated to increase the diameter up to 180 mm, as this is a new field for the diamond manufacturers.
Very promising growth test experiments for 180 mm disks have been initiated at the site of the industrial partner Diamond Materials (Diamond Materials GmbH, Hans-Bunte-Str. 19, 79108 Freiburg, Germany, http://www.diamond-materials.com/DE/index.htm). Two experiments ran for 400 and 350 hours, with a lower and a higher growth rate, respectively, producing the first 180 mm diamond wafers with a thickness of 0.30 to 0.45 mm. The wafers are quite homogeneous and of good optical quality, as assessed by eye-check. A picture is shown in Fig. 3 (right) . Due to the very small thickness, the two wafers did not remain in one piece after dissolving the silicon substrate. Nevertheless, it was possible to cut a 39 mm diameter disk to be used for loss tangent measurements at KIT. These measurements are ongoing. More diamond growth experiments for 180 mm diameter disks are currently running, aiming at the required 2 mm thickness.
FIG. 3. Schematic of the envisaged diamond window brazed in the waveguide at the Brewster angle (left) and picture of the first (world-wide) produced diamond wafer of 180 mm diameter and of 0.3 to 0.45 mm thickness on the substrate (right).
Advances on performance and reliability of gyrotron components
The required high RAMI level of a DEMO gyrotron calls for further optimization of all critical gyrotron components. In addition, improvements with respect to robustness against manufacturing tolerances are necessary for the next step of industrialization of fusion gyrotrons. To this end, an advanced triode-type electron gun has been procured by the industrial partner Thales Electron Devices (TED, Vélizy-Villacoublay, France, www.thalesgroup.com) and has been installed in the KIT coaxial gyrotron [15] , in view of the pursued longerpulse operation discussed in paragraph 2.1. Not only is the gun designed to be free of electron trapping mechanisms, i.e. compatible with long-pulse operation [29] , but also it is manufactured with coated emitter edges to minimize the influence of manufacturing tolerances and edge effects on the electron beam quality [30] . This should result in increased reproducibility and reliability. Additional collaboration with TED has been established within WPHCD, with the aim to investigate technological improvements related to the alignment and temperature homogeneity of the emitter.
The way to secure robust and reliable gyrotron performance is to expand, as much as possible, the operating parameter range of stable, high-power oscillation of the working mode. A critical component in that respect is the gyrotron beam tunnel, whose function is to suppress any possible parasitic oscillations in the region of the magnetic compression of the electron beam, i.e. between the gun and the cavity. Today's European beam tunnel technology is adopting the stacked beam-tunnel concept with alternating indented rings of copper and rings of absorbing ceramic [31] . Such beam tunnels have supported successful operation of the European gyrotrons for W7-X and ITER over specific parameter areas. However, given that DEMO gyrotrons require more energetic electron beams (higher currents) and in order to enlarge the parameter area of stable operation, advances in the beam tunnel design are under intensive investigation, as the onset of parasitic oscillations limits the stability range of the working mode. The challenge lies primarily in the accurate modelling of the complicated and highly overmoded structure of the beam tunnel. To address this, semi-analytical as well as purely numerical modelling tools have been under development [32] [33] [34] . In parallel, studies on an alternative, fully ceramic beam tunnel concept have also been ongoing [35] . Such a beam tunnel would also have the advantage of simpler construction. Finally, investigations on the possibility to use a fully metallic beam tunnel, as it would be the simplest and cheapest option, have also been initiated.
From the gyrotron cavity side, the enlargement of the parameter space of stable operation is related to the mode selectivity. A way to further increase the already advanced mode selectivity of coaxial cavities is to add modeconverting corrugations on the outer wall [36] . Full-wave electromagnetic modelling of such cavities has been developed [37] , [33] and investigations on the possibility to improve the cavity of the 170 GHz coaxial gyrotron at KIT by adding corrugations on the outer wall have been initiated.
Infrastructure
Instrumental to the gyrotron R&D is the new Fusion Long Pulse Gyrotron Lab (FULGOR) at KIT, a test stand capable of 10 MW DC CW operation [38] . The capabilities of the main high-voltage DC power supply, 
